Prion protein consists of an N-terminal domain containing a series of octapeptide repeats with the consensus sequence PHGGGWGQ and a C-terminal domain composed of three α-helices and two short β-strands. Several studies have shown that the N-terminal domain binds five Cu 2+ ions. In the present study, we have investigated copper-catalysed oxidation of a recombinant mouse prion protein, PrP 23-231 . The copper-loaded PrP 23-231 was found to be carbonylated by incubation with dopamine. Besides the formation of carbonyls, a cross-linked species with the dimeric size and C-terminally truncated species were generated. These reactions were retarded in the presence of Cu + -and Cu 2+ -specific copper chelators, catalase, and SOD (superoxide dismutase), but not in the presence of various bivalent metal ions. Together, these results indicate that the copper bound to prion protein undergoes catalytic cycling in the presence of catecholamines and causes the oxidation of the protein.
INTRODUCTION
All mammalian and avian species possess PrP C (cellular prion protein isoform), but its normal physiological function has not yet been determined. However, the property of PrP C to bind Cu
2+
in vivo and in vitro suggests that its function relates to copper homoeostasis or to copper-dependent enzymatic functions [1, 2] . Because Cu 2+ stimulates PrP C endocytosis, it has been suggested that PrP C plays a role in shuttling Cu 2+ from the synaptic space to the cell interior [3, 4] . However, another study showed that cuproenzyme activity was not influenced by the degree of PrP (prion protein) expression in brain tissues [5] . The authors suggested that PrP C might act as a reversible sink or a carrier of the metal ion [5] . In addition, a recent study indicated that the expression of PrP increased copper binding to cells, but did not affect copper uptake, antioxidant enzyme activities or glutathione levels [6] . Another suggestion is that PrP might be a stress sensor for copper and might be able to initiate, following copper binding, a signal transduction process for improving cell defences by acting on the antioxidant systems [6] . An enzymatic role for copperbound PrP was also proposed as it exhibited SOD (superoxide dismutase) activity, protecting synaptic regions from oxidative stress [7] [8] [9] [10] . Our previous study indicated that copper ions bound to an N-terminal part of PrP (PrP 23−98 ) catalysed oxidations of L-ascorbate and dopamine [11] . The last two studies have shown that the PrP-bound copper undergoes redox cycling in the presence of electron donors, such as superoxide ions (O 2 − ), dopamine and L-ascorbate.
PrP
C contains a C-terminal domain, residues 126-231, that has a globular fold composed of three α-helices and two short β-strands [12, 13] . Under Cu 2+ -free conditions, the N-terminal portion of the mature PrP C , residues 23-125 of the primary translation product, is largely unstructured [13] [14] [15] . Residues 60-91 consist of an octapeptide sequence, PHGGGWGQ, which is repeated four times. Several studies have shown that this unstructured region selectively binds Cu 2+ over other bivalent metal ion species [16] [17] [18] [19] [20] [21] [22] [23] [24] . This octapeptide repeat region binds four Cu 2+ ions co-operatively with identical co-ordination geometry [20, [24] [25] [26] . The affinity of this copper binding is in the femtomolar to micromolar range [21, 23] . In addition, the fifth Cu 2+ -binding site centred at His-96 and His-111 has also been observed [22, 23, 26] . In fact, affinitypurified PrP C preparations from mouse and human brain have been shown to bind three and approx. seven copper atoms respectively [10, 27] . Moreover, PrP C from cultured cells was found to bind one to four copper atoms, depending on the availability of copper in the culture medium [10] . In the light of these results, it is probable that native PrP binds copper in vivo.
The evidence from several studies has suggested that the most important mechanism of oxidative damage to proteins involves catalysis by transition metals [28, 29] . This process consists of reduction of Fe 3+ or Cu 2+ by electron donors, such as O 2 − , H 2 O 2 , catecholamines, L-ascorbate and mercaptans, and generation of the hydroxyl radical through reduction of H 2 O 2 by the reduced metals. This highly reactive free radical immediately oxidizes neighbouring amino acid residues. The reaction typically results in structural alterations and loss of enzyme activity [28, 29] . As regards the oxidative damage of PrP, PrP undergoes a site-specific cleavage of the octapeptide repeat region on exposure to H 2 O 2 plus CuSO 4 [30] . Also, PrP suffers aggregation and precipitation upon incubation with L-ascorbate and CuCl 2 , the histidine-containing octarepeat region being particularly affected by oxidation [31] . Our previous study has also indicated that carbonyl formation on copper-bound PrP 23−98 and a decrease in its histidine content were induced by incubation with dopamine or L-ascorbate [11] . These studies indicate that the N-terminal domain is susceptible to copper-catalysed oxidation. However, there are conflicting data as to structural alterations in PrP produced by copper-catalysed oxidation.
Certain neurotransmitters, such as dopamine and noradrenaline, are autoxidizable and react with O 2 to generate O 2 − and H 2 O 2 through catalysis by heavy-metal ions [32] . Dopamine is present in various anatomical regions of the brain, its extraordinarily high concentrations being found in the striatum (37 and 53 µM in the caudate nucleus and putamen of humans respectively) [33] .
Because the PrP-bound copper is reduced by electron donors, such as O 2 − , dopamine and L-ascorbate [7] [8] [9] [10] [11] , it is probable that incubation of PrP with copper salts in the presence of H 2 O 2 or L-ascorbate causes structural alterations in PrP [30, 31] . However, the oxidative damage and structural alterations in copper-bound PrP, which should exist in vivo [10, 27] , remain largely unknown. In the present study, we have investigated catecholamine-induced oxidation of a recombinant mouse PrP to which copper has previously loaded. The results have indicated that in the presence of catecholamine, copper-bound PrP 23-231 undergoes carbonylation on its own part, and partly leads to its dimerization and fragmentation.
EXPERIMENTAL Antibodies and reagents
PrP A (rabbit polyclonal anti-prion protein A antibody) recognizing epitope 228-244 of bovine PrP (epitope 216-232 of mouse PrP) was purchased from Cosmo Bio Co. (Tokyo, Japan). Mouse monoclonal antibody SAF 32 recognizing epitope 78-91 of hamster PrP, mouse monoclonal antibody SAF 8G8 recognizing epitope 95-110 of human PrP, mouse monoclonal antibody SAF 70 recognizing epitope 142-160 of hamster PrP and mouse monoclonal antibody SAF 84 recognizing epitope 160-170 of hamster PrP were purchased from Cayman Chemical Co. (Ann Arbor, MI, U.S.A.). These antibodies exhibit cross-reactivity to mouse PrP as described in the product information. Horseradish-peroxidase-conjugated anti-mouse IgG secondary antibody was purchased from Chemicon International (Temecula, CA, U.S.A.), and horseradish-peroxidase-conjugated anti-rabbit IgG secondary antibody was from Cappel Research Products (Durham, NC, U.S.A.). Plasmid pUC 19 was purchased from Takara Bio (Tokyo, Japan). Plasmid pET-39b (+) and S-protein-agarose were purchased from Novagen (Madison, WI, U.S.A.). BSA, catecholamines, rabbit polyclonal anti-dinitrophenyl antibody and Protein G-Sepharose 4B were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Benzamidine-Sepharose 6B, SP Sepharose, ECL ® (enhanced chemiluminescence) Western blotting detection reagents and Hybond ECL ® nitrocellulose membrane were purchased from Amersham Biosciences (Piscataway, NJ, U.S.A.). EnterokinaseMax was purchased from Invitrogen (Carlsbad, CA, U.S.A.). SOD and catalase were purchased from Alexis Biochemicals (San Diego, CA, U.S.A.) and Nacalai Tesque (Kyoto, Japan) respectively. Xanthine oxidase and xanthine were purchased from Wako Pure Chemical Industries (Osaka, Japan). All other chemicals were purchased from Nacalai Tesque, unless specified otherwise. Distilled water was purified by passage through a Milli-Q Academic A10 system (Millipore, Bedford, MA, U.S.A.). The resistance of the water was 1.8×10 7 · cm at 20
• C. • C for 2 h. Then the cells were spun down at 5500 g for 20 min, washed with PBS and suspended in 20 mM Tris buffer (pH 7.5) containing 0.15 M NaCl, 0.1 % Triton X-100 and 1 mM 2-mercaptoethanol. The cell suspension was stored at − 20
• C until use.
The cells were disrupted on ice with a sonicator (Digital Sonifier S-250D; Branson Ultrasonics, Danbury CT, USA) at 4
• C for 10 min, and then the lysate was centrifuged at 35 000 g for 20 min at 4
• C. The supernatant was applied to an S-protein-agarose column equilibrated with 20 mM Tris buffer (pH 7.5) containing 0.15 M NaCl and 0.1 % (v/v) Triton X-100. After the column was washed with 25 mM TBS (Tris-buffered saline), pH 7.5 (Tris buffer containing 0.136 M NaCl and 2.68 mM KCl), the Dsb A/S · Tag fusion protein was eluted with 0.2 M sodium citrate buffer (pH 2), dialysed against 20 mM Mes buffer (pH 6.0) containing 1 mM CaCl 2 at 4
• C for ∼ 18 h, and centrifuged at 19 000 g at 4
• C for 10 min. The supernatant was treated with EnterokinaseMax at room temperature (25
• C) for 2 h, and after addition of NaCl to a final concentration of 0.15 M and adjustment of pH to 7. for tyrosine) [34] .
Copper-loaded PrP was prepared by incubation of the recombinant PrP 23-231 (2 µM) with CuCl 2 (10 µM) and urea (6 M) at 37
• C for 30 min, followed by dialysis at 4
• C for ∼ 18 h, first against a 10 µM CuCl 2 solution to remove urea, and secondly against 5 mM Mes buffer (pH 7.5) to remove free copper. The copper content of the resulting copper-loaded PrP 23-231 was measured with an atomic absorption spectrophotometer (AA-6800, Shimadzu, Kyoto, Japan).
Western blotting
Mixtures (100 µl) containing 50 mM Mes (pH 7.5), 1 µM copperloaded PrP and catecholamine were incubated at 37
• C for 15-60 min, before 2 µl of 500 mM EDTA was added to stop the reaction. The reaction mixtures were mixed with gel-loading buffer containing dithiothreitol, and then heated at 95
• C for 5 min. For detection of PrP and carbonyl groups, the samples were analysed by SDS/PAGE followed by immunoblotting.
The membranes were blocked with 0.5 % (w/v) non-fat dried milk in TBS-T at room temperature for 1 h, and then incubated with primary antibody (0.2 µg/ml SAF 32, 0.6 µg/ml 8G8, 0.6 µg/ml SAF 70, 0.2 µg/ml SAF 84, PrP A diluted 2500-fold or rabbit polyclonal anti-dinitrophenyl antibody diluted 2000-fold) in TBS-T containing 1 % (w/v) BSA for 1 h with shaking at room temperature. The membranes were washed with TBS-T and incubated with horseradish-peroxidase-conjugated anti-mouse IgG secondary antibody (diluted 1:5000 in TBS-T containing 1 % BSA) or horseradish-peroxidase-conjugated anti-rabbit IgG secondary antibody (diluted 1:5000 in TBS-T containing 1 % BSA) at room temperature for 1 h. The blots were developed by ECL ® Western blotting detection reagents, and their signals were recorded using a CCD (charge-coupled device) camera (Lumino Capture Af-650; ATTO Co., Tokyo, Japan). In the case of the carbonyl assay, a replicate blot was stained for protein with Coomassie Blue. Relative chemiluminescence intensities of bands were determined using ATTO Densitograph Software Library, version 4.0. The results were subjected to statistical evaluation using an unpaired Student's t test.
Immunoprecipitation
Mixtures containing 50 mM Mes (pH 7.5) and 1 µM copperloaded PrP were incubated in the absence or presence of 10 µM dopamine at 37
• C for 30 min, before 2 µl of 500 mM EDTA was added to stop the reaction, and then mixtures were dialysed at 4
• C for 8 h against 5 mM Mes buffer (pH 7.5). AntiPrP monoclonal antibody SAF 32 (3 µg) was added to the reaction mixtures (0.5 ml). After 1 h of incubation at room temperature, Protein G-Sepharose 4B was added. After further incubation for 1 h, the Sepharose beads were pelleted and washed extensively with 50 mM Mes buffer (pH 7.5) containing 0.15 M NaCl. The washed beads were mixed with 2× gel-loading buffer containing dithiothreitol, and then heated at 95
• C for 5 min. PrP was detected by SDS/PAGE, followed by immunoblotting with antibodies SAF 84 and PrP A (0.2 µg/ml SAF 84 and 2500-fold diluted PrP A in TBS-T containing 1 % BSA).
Ultrafiltration experiment
The aliquots of the above reaction mixtures prepared for Western blotting were used for measurement of copper released from the protein during the incubation. The reaction mixtures (400 µl) were dispensed into cups of Ultrafree-MC centrifugal filter units (Biomax-5; Millipore) and centrifuged at 5000 g for 15 min at 4
• C, and the copper concentration of the resulting filtrates was measured with an atomic absorption spectrophotometer.
SOD assay
SOD activity was measured by the xanthine oxidase/Nitro Blue Tetrazolium method [35] . The reaction mixtures contained 80 µM Nitro Blue Tetrazolium, 100 µM xanthine, 0.00375 unit/ml xanthine oxidase and 50 mM Mes buffer (pH 7.5), with or without copper-loaded PrP 23-231 at room temperature. The Nitro Blue Tetrazolium reduction was followed spectrophotometrically at 560 nm.
RESULTS

Copper-loaded PrP 23-231 undergoes structural damage in the presence of catecholamine
Because the Cu 2+ ions bound to PrP are reducible by electron donors, such as O 2 − , catecholamines and L-ascorbate, as shown in previous studies [7] [8] [9] [10] [11] , we aimed to examine oxidative damage to the PrP molecule by the copper in the presence of electron donors. We prepared copper-loaded PrP 23-231 by incubation of recombinant mouse PrP and CuCl 2 in the presence of urea, followed by dialysis essentially as described by Brown et al. [7, 8] . The refolded PrP 23-231 contained 5.0-5.2 mol of copper per mol of protein, and exhibited SOD activity as measured by the formazan formation assay [35] , like the copper-loaded PrP prepared by Brown's group [7] [8] [9] [10] (results not shown). Because the interaction of PrP and dopamine is feasible in the brain, we studied the effect of dopamine on copper-loaded PrP . The copper-loaded PrP 23-231 was incubated with 10 µM dopamine at 37
• C for 30 min. After centrifugation (at 10 000 g for 10 min at 4
• C) of the reaction mixture, the supernatants contained the same amounts of protein as a control with dopamine omitted (results not shown). This is in contrast with the report by Requena et al. [31] , who indicated that PrP formed an aggregate in its incubation with L-ascorbate and CuCl 2 . When the sample of the dopamine treatment was analysed by SDS/PAGE, followed by staining with Coomassie Blue, the sample of the dopamine treatment showed a significantly decreased staining for the PrP band as compared with the control, indicating the decomposition of the PrP 23-231 molecule (results not shown).
To examine further the oxidative damage to copper-loaded PrP , the PrP 23-231 preparation (1 µM, containing 5.2 µM copper) was treated with varying concentrations (10, 50 and 100 µM) of dopamine, adrenaline or noradrenaline, and analysed by Western blot analysis using SAF 84 antibody that recognizes epitope 160-170 of hamster PrP. The PrP 23-231 remained as a major band at 23 kDa ( Figure 1A , Cont and Nil). Additionally, a strong, broad band and a faint band were observed at positions of 17-19 kDa ( Figure 1A , arrowhead * ) and 46 kDa ( Figure 1A , arrowhead * * ) respectively, indicating the formation of fragments and dimerization of PrP . The degrees of fragmentation did not change upon increasing the concentrations of catecholamines ( Figure 1B) . The time-course study with dopamine showed a dramatic increase in the signal of the fragments ( Figure 1C ) and the dimer ( Figure 1D ) occurred within 15 min. The signal of fragments gradually increased until 60 min; the signal of the dimer increased until 30 min, then decreased.
We next examined whether the addition of dopamine, L-ascorbate or glutathione releases copper from the copper-bound PrP , because they are known to interact with copper [11, 36, 37] . These compounds (a final concentration of 10 µM) were added to copper-loaded PrP , and the amount of copper filterable by ultrafiltration was measured immediately and at 30 min after mixing. In the experiment with dopamine and L-ascorbate, the filterable copper was not detected (Figure 1E ), indicating that the binding of copper to PrP was not affected by these compounds. On the other hand, in the experiment with glutathione, 9 % of the PrP 23-231 -bound copper was released even immediately after mixing, and the released copper increased to 44 % after 30 min of incubation. The copper-loaded PrP produced the dimer and fragments by incubation with L-ascorbate, whereas the effect by glutathione was not observed (results not shown).
Inhibitory effect of metal chelators, catalase and SOD on carbonyl formation of copper-loaded PrP 23-231
To investigate the oxidative protein damage on copper-loaded PrP, we used the formation of carbonyls as a marker. Copperloaded PrP 23-231 was incubated with 10 µM dopamine at 37
• C for 30 min, and the protein was analysed by Western blotting using rabbit polyclonal anti-dinitrophenyl antibody. A major band was observed at the position of PrP (Figure 2A) . To ascertain the participation of copper and reactive oxygen species in the formation of carbonyls on copper-loaded PrP , the effects of various copper chelators, catalase and SOD were tested. The metal chelators, BCA (4,4 -dicarboxy-2,2 -biquinoline) and BCS (2,9-dimethyl-4,7-diphenyl-1,10-phenanthrolinedisulphonic acid) as Cu + chelators, DTPA (diethylenetriaminepenta-acetic acid) and EDTA as Cu 2+ chelators, were used at 100 µM in the present study. The inhibition was totally complete with either of the copper chelators ( Figure 2B ). Catalase and SOD also completely inhibited the formation of carbonyls on copper-loaded PrP ( Figure 2B ).
Inhibitory effect of metal chelators, catalase and SOD on fragmentation and dimerization of the copper-loaded PrP 23-231
To examine the participation of copper and reactive oxygen species in the formation of the dimer (46 kDa species; see Figure 1A , arrowhead * * ) and fragments (17-19 kDa; see Figure 1A , arrowhead * ) from copper-loaded PrP , the effects of various copper chelators, catalase and SOD were tested in the same experimental setting as in Figure 2 (Figure 3 ). The formation of fragments was totally or nearly totally inhibited, depending on the kind of the copper chelators (BCA, BCS, DTPA or EDTA) ( Figures 3A and  3C ). Catalase and SOD also reduced the formation of fragments, albeit to lesser extents ( Figures 3A and 3C ). For the dimer formation, BCA, DTPA and EDTA were completely inhibitory, while BCS was less effective (Figures 3B and 3C) . The inhibitory effect of catalase and SOD on the dimer formation was very weak (Figures 3B and 3C ). Figure 4A , arrowhead * ) and a dimer at approx. 46 kDa ( Figure 4A , arrowhead * * ). The formation of the fragments was dependent on the H 2 O 2 concentration (Figure 4B) . As a control, PrP 23-231 without copper loading did not induce any oxidative damage to the protein upon incubation with H 2 O 2 (50 µM) (results not shown).
Next, copper-loaded PrP 23-231 was incubated with xanthine (100 µM) and xanthine oxidase (O 2 − producer; 0.1 and 0.2 unit/ ml) at 37
• C for 30 min. Western blots of copper-loaded PrP 23-231 showed major three discrete bands at 14.3-23 kDa besides the band of PrP , but no signal at 46 kDa ( Figure 4C ).
Effect of metal ions on fragmentation and dimerization of the copper-loaded PrP 23-231
As it has been reported that PrP may interact with metal ions other than copper [16, 23, 38] , we examined the effect of various metal ions (5 µM) on dimerization and fragmentation of the copperloaded PrP 23-231 (containing 5 µM copper) in the presence of 10 µM dopamine at 37
• C for 30 min. All metal ions had no significant effect (Figures 5A and 5B ). This is different from the observation that Ca 2+ , Mn 2+ and Zn 2+ had a significant protective effect on the cleavage of PrP by CuSO 4 plus H 2 O 2 [30] .
Generation of C-terminally truncated species from copper-loaded PrP 23-231 in the presence of dopamine
We examined which part of the PrP 23-231 molecule the 17-19 kDa fragments were derived from. The epitopes of PrP that are recognized by the antibodies used in the present study are diagrammatically presented in Figure 6 (A). Western blots showed a major band at 23 kDa that reacted with all the antibodies, SAF 32, 8G8, SAF 70, SAF 84 and PrP A ( Figure 6B ). In the presence of dopamine, fragments with molecular masses of 17-19 kDa were recognized by all the antibodies, except PrP A that binds to epitope 216-232 of mouse PrP (epitope 228-244 of bovine PrP) ( Figure 6B ). We examined further whether the fragment of PrP immunoprecipitated with SAF 32 includes the epitopes recognized by SAF 84 and PrP A. The 17-19 kDa fragments in the immunoprecipitates immunoreacted with SAF 84, but not with PrP A antibody ( Figure 6C ). These results indicate that the C-terminal part was cleaved off in the 17-19 kDa fragments.
DISCUSSION
As regards copper-catalysed oxidation of PrP, McMahon et al. [30] reported that an N-terminally truncated PrP C with a molecular mass of 28.5 kDa was generated when the conditioned medium containing soluble full-length glycosylated PrP C (33 kDa) lacking its glycosylphosphatidylinositol anchor released from Chinesehamster ovarian cells expressing wild-type mouse PrP was treated with H 2 O 2 and CuSO 4 . Requena et al. [31] have indicated that Syrian hamster recombinant SHa 29-231 prion protein suffers aggregation and precipitation concomitant with copper-catalysed oxidation using L-ascorbate and CuCl 2 , and that the histidine-containing octarepeat region is particularly affected by the oxidation. In the present study, we have investigated copper-catalysed oxidation of copper-loaded recombinant PrP , in the presence of catecholamine. In the presence of dopamine, the copperloaded PrP 23-231 underwent carbonylation, and dimerization and degradation of the protein occurred concomitantly, but aggregates were not formed. All the antibodies, except PrP A that binds to epitope 216-231 of mouse PrP, recognized the degradation products. This result indicates that the degradation products hold residues 77-169 of PrP, and suggests that C-terminal part containing epitope 216-231 was cleaved off in the 17-19 kDa fragments.
The discrepancy between the results of McMahon et al. [30] , Requena et al. [31] and the present study may be due to a difference of redox activity of the copper between the copper-loaded PrP and the copper-PrP complex formed by mixing the protein with free copper ions (CuCl 2 or CuSO 4 ). It is also possible that the discrepancy is caused by the differences in the composition of the reaction mixtures, such as the difference of electron donors (25 mM L-ascorbate, 0.1-5 mM H 2 O 2 and 10 µM dopamine for the respective studies) and/or pH (Hepes buffer at 7.2, Hepes buffer at 7.0 and Mes buffer at 7.5 for the respective studies). In general, these studies have indicated clearly that copper-catalysed oxidation of PrP results in structural alterations, which might be associated with the pathology of prion disease. The oxidative damage of copper-loaded PrP 23-231 induced by dopamine was copper-dependent because various copper chelators inhibited carbonyl formation, dimerization and fragmentation. The data also indicate that Cu + is generated during the reaction, because Cu + chelators were effective. Copper-bound PrP is known to have SOD activity [7] [8] [9] [10] . The dismutation of O 2 − requires redox cycling of the copper. Although Cu 2+ readily co-ordinates to deprotonated amide bonds, as shown in previous studies [20, 26] Reactive oxygen species levels are known to increase with age [28] , and under conditions of oxidative stress: the H 2 O 2 concentration reaches 26-160 µM in the brain [40] . It is feasible from the results of the present study that the interaction of H 2 O 2 at these levels causes the oxidative damage in vivo to copper-loaded PrP , because the damage was observed at 50-100 µM H 2 O 2 . In contrast with copper-loaded PrP , PrP 23-231 without copper loading did not induced any oxidative damage to the protein upon incubation with H 2 O 2 (results not shown). Also a study has indicated that a site-specific cleavage of PrP C was observed at 2.5 mM H 2 O 2 with CuSO 4 , but not without copper [30] . These data suggest that copper-bound PrP could be susceptible to oxidative damage.
We examined whether the addition of dopamine, L-ascorbate or glutathione affects the binding of copper to PrP . In the experiment with dopamine and L-ascorbate, no copper was released from the copper-loaded PrP , whereas glutathione released a large amount (44 %) of copper after 30 min of incubation. We also examined whether oxidative damage of copper-loaded PrP was induced by L-ascorbate and glutathione. Similar to the effect of dopamine, L-ascorbate induced dimerization and fragmentation of copper-loaded PrP , but glutathione did not. Glutathione forms a stable complex with copper because of its high affinity to Cu(I), and thus thereby diminished the oxidation on the protein.
It has been reported that PrP C may interact with metal ions other than Cu 2+ [16, 23, 38] . In addition, a study has indicated that metal ions such as Zn 2+ , Mn 2+ or Ca 2+ have a significant protective effect on H 2 O 2 cleavage when added in combination with Cu 2+ [30] . Thus PrP C could interact with more than one metal ion at a time, or the presence of additional metal ions could interfere with Cu 2+ binding. From a more recent spectroscopic study of Mn 2+ binding to PrP, however, Mn 2+ is indicated not to bind to the octarepeat region of PrP [41] . We examined the effect of metal ions on the oxidative modification of copper-loaded PrP in the presence of dopamine. All metal ions tested (Co 2+ , Zn 2+ , Mn 2+ or Ca 2+ ) had no significant effect on the oxidative modification of copper-loaded PrP . From these data, we presumed that these metal ions do not share the binding site with copper.
We showed previously that copper bound to the N-terminal part of PrP, PrP 23−98 , catalyses the oxidation of dopamine [11] . In the case of copper-loaded PrP , too, the dopamine oxidation should occur in association with carbonyl formation and other oxidative damage. The mechanism of the dopamine-induced oxidative damage of copper-loaded PrP 23-231 may be delineated as follows [42, 43] . The copper catalysis of the oxidation of catechol to o-quinone is mediated through the formation of a PrP 23-231 -Cu 2+ -catechol complex, which favours the transfer of electrons from catechol to PrP + to form the hydroxyl radical. This highly reactive radical attacks the protein backbone and side chains of amino acid residues directly [28] . This mechanism is consistent with the results that a copper chelator (Cu 2+ or Cu + chelator), catalase and SOD inhibited the oxidative damage induced by dopamine, and that the copper remains bound to PrP during the course of this copper reaction, because the copper bound to PrP was shown not to be released.
As regards the reduction potentials of copper complex, Bandy et al. [44] investigated the reactivity of copper complexes with a range of abilities to catalyse the reaction with O 2 in autoxidation of 6-hydroxydopamine, and showed that the autoxidation of 6-hydroxydopamine was accelerated in the presence of Cu 2+ -1,10-phenanthroline 2 (standard reduction potential at E 0 = 170 mV) and Cu 2+ -2,2-dipyridyl 2 (E 0 = 120 mV), whereas Cu 2+ -His 2 (E 0 = − 50 mV) and Cu 2+ -EDTA (E 0 = − 520 mV) were not the effective catalyst. From these data, it was suggested that the reduction potentials of the most effective catalysts fell between the one-electron reduction potential of 6-hydroxydopamine (E 0 QH . /QH 2 between 530 and 810 mV) and that of O 2 (E 0 O 2 /O 2 − = − 160 mV). The same consideration for autoxidation of dopamine suggests that the range of the effective reduction potential will be between 530 mV (the one-electron reduction potentials of catechol, the functional part of dopamine) [45] and − 160 mV. Because the PrP-bound copper undergoes redox cycling in the presence of dopamine as demonstrated in our previous study [11] and the present study, the reduction potential of at least one copper of the copper-loaded PrP is assumed to fall in this range. As for the reduction potential of copper-loaded PrP, the reduction potentials of prion octapeptide PHGGGWGQCu 2+ and HGGG-Cu 2+ complexes were determined (E 0 = − 311 and − 289 mV respectively) [46] . However, these values do not predict that the autoxidation of dopamine is thermodynamically feasible. This discrepancy remains to be elucidated.
